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ABSTRACT 
This paper reports our new communication system and downlink demonstrations with a small satellite of 2.65 Gbps 
data rate with 64 APSK modulation and 3.3Gbps data rate with 256 APSK modulation by utilizing two circular 
polarization channels of X band. We have developed an on-board X-band transmitter, an on-board dual circularly 
polarized-wave antenna with 17dBi gain and >37dB Cross Polarization Discrimination (XPD) and a 10m ground 
station with 39dB/K of G/T and >37dB XPD for low-crosstalk polarization multiplexing. Since there are not real-
time demodulator systems in such high communication speed, the downlinked signals are stored in a data recorder at 
an antenna site. Afterwards, we decode downlinked signals by using our non-real-time software demodulator. The 
system was demonstrated in orbit the RAPid Innovative payload demonstration Satellite (RAPIS-1) of JAXA in 
2019. We have achieved 2.65 Gbps and 3.3Gbps communication speed in the X-band for LEO satellite at 300 M 
symbols per second (Msps) and polarization multiplexing of 64APSK (coding rate 4/5) and 256APSK (coding rate 
3/4) following DVB-S2X protocol with roll-off factor α=0.05.  The communication speeds correspond to  of 
frequency efficiency  8.4 bit/s/Hz and 10.8 bit/s/Hz of frequency utilization efficiency.  As far as authors know, 
these direct downlink communication speeds and frequency utilization efficiencies are the highest ones at present in 
LEO satellites, excluding bent-pipe communication systems. 
1.INTRODUCTION
Technologies of small satellites are developing rapidly, 
resulting in the realization of constellation missions of 
small satellites. In particular, Synthetic Aperture Radar 
(SAR) missions require big downlink capacity [1]. 
However, the communication speeds of conventional 
small satellites are not enough to realize such 
constellation missions. In this paper, we focus on the 
development of high speed downlink communications 
for small satellites.  
Conventional medium and large earth observation 
satellites utilize the X-band for their observation-data 
downlink with 0.3~0.6 Gbps for each polarization. 
They commonly use Quadrature-Phase Shift Keying 
(QPSK) or 8-ary Phase Shift Keying (8PSK) to avoid 
the nonlinearity problems of High Power Amplifiers 
(HPAs). A large optical observation satellite, 
WorldView-3 achieved 1.2 Gbps downlink in 2014 
with polarization multiplexing, 8PSK modulation and 
200 Mega symbol per second (Msps) rate in the X-band 
[2]. Table 1 shows the comparison of this work with 
conventional satellite communication systems. A large 
SAR satellite, ALOS-2 accomplished 0.8 Gbps in 2014 
by using 16 Quadrature-Amplitude Modulation 
(16QAM) with 200 Msps in the X-band [3]. In fact, 
their effective communication speeds considering the 
coding rate of an error correction code are slower than 
the above-mentioned values. Their frequency efficiency 
is also low.  
Recently national space agencies are developing new 
down link communications of next generation earth 
observation satellites with Ka band (25.5-27GHz), 
which has wider frequency bandwidth of  1500MHz. 
NASA will demonstrate 4Gbps Ka band down link in 
NISAR satellite with mass of 2800kg in 2022[4], where 
QPSK modulation with polarization multiplication is 
applied.  JAXA is developing Ka band system with 16- 
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Table 1 Summary of Direct Data Downlink of LEO Satellite 
Satellite Ref. & Year
Frequency
Band
Bandwidth
(MHz)
Multiplexing Modulation
Data Rate
(Gbps)
Frequency
Efficiency
(bps/Hz)
WorldView3 [2] 2014 X 375 Polarization 8PSK 1.2 3.2
ALOS-2 [3] 2014 X 375 None 16QAM 0.8 2.13
Dove [5] 2019 X 288 Polarization & Frequency 32APSK 1.6 5.56
RAPIS-1 2019 X 315 Polarization 64/256APSK 2.65/3.3 8.4/10.8
NISAR [4] planned 2022 Ka 1500 Polarization QPSK 4 2.7
64APSK modulations to achieve as high as 8 Gbps for 
their Earth observation satellites in middle of 2020s.  
However, Ka band is subject to be heavily attenuated 
by clouds and rainfall. These systems may require 
onboard TWTA and advanced Ka band ground stations.  
Consequently, these Ka band down link systems 
become expensive and unsuitable for small satellites. 
In 2019, Dove cubesat of Planet Lab achieved 1.6 Gbps 
downlink with dual polarization channels in the X-band 
[5]. Each of the dual polarization channels is 
multiplexed in the frequency domain in three frequency 
bands with 32 Amplitude-Phase Shift Keying (32 
APSK) of 76.8 Msps. The XPD in their downlink 
system is about 20 dB, which is determined mainly by 
an on-board patch antenna.  
Two issues have to be solved in order to increase the 
communication speed furthermore. One is the issue of 
guard band for frequency division multiplexing, which 
causes loss of frequency bandwidth. Another is the 
issue of low XPD in the downlink system, which 
degrades link budget especially for higher modulation 
scheme such as 64APSK and 256APSK. 
In ground communications and Earth-GEO bent-pipe 
communications [6], Orthogonal Frequency Division 
Modulation (OFDM) is widely used to eliminate its 
guard band. However, OFDM is said to be sensitive to 
frequency shift and is hardly applied to low earth orbit 
satellites with Doppler frequency shift. In order to 
increase the downlink speed for low-orbit earth 
observation satellites, it is reasonable to use a single 
carrier modulation. Recent signal processing 
technologies make it possible to develop a single carrier 
modulation system with 300 Msps and higher [4].  
This paper reports that a high data-rate downlink 
system with a high spectrum efficiency by using 
64APSK and 256APSK, polarization multiplexing, and 
a small roll-off factor. Additionally, we have developed 
a ground station system with a high-XPD and high-G/T 
ground station antenna and a 300-Msps demodulator. 
We realize a high bit rate downlink with the following 
three key points. First, we obtain the high quality of 
64APSK and 256APSK signal by optimizing the 
operation point of a HPA, which realizes a small third-
order distortion. Second, we used a high XPD onboard 
antenna that we designed to minimize polarization 
interference. Third, we have developed a ground station 
system with a high-XPD and high-G/T ground station 
antenna. The system has a high frequency efficiency 
with a roll-off factor α = 0.05 and polarization 
multiplexing of 64APSK and 256APSK. Then, the 
frequency utilization efficiencies of our system are 8.4 
bit/s/Hz (2.65 Gbit / 315 MHz) and 10.81bit/s/Hz 
(3.4Gbit/315MHz). The performance has been 
demonstrated in orbit on board of RAPIS-1 (RAPid 
Innovative payload demonstration Satellite1), Japan 
Aerospace Exploration Agency (JAXA) [7,8]. In June 
2019, we have achieved 2.65 Gbps and 3.3Gbps 
downlink satellite communications with 300 Msps, and 
polarization multiplexing of 64APSK (4/5) and 
256APSK (3/4) for Right-Hand Circular Polarization 
(RHCP) and Left-Hand Circular Polarization (LHCP) in 
the X-band. This paper is organized as follows. Section 
2 presents the communication system design. Section 3 
describes an on-board X-band transmitter. Section 4 
explains an on-board dual circularly polarized-wave 
antenna while Section 5 describes a ground station. 
Section 6 reports the downlink results. Section 7 is the 
conclusions. 
2. Communication System Design 
 2.1 Outline of system                                                            
In this section, we deal with our high data-rate 
downlink system shown in Fig. 1, including an on- 
 
 
Fig.1 System block diagram of high speed downlink . 
Upper part is on-board segment and lower part is  
ground segment 
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board transmitter, an on-board dual circularly polarized-
wave antenna, and a high G/T and XPD ground station 
antenna. Then, Table 2, 3, and 4 list specifications of 
our new communication system 
2.2 DVB-S2X standard  
There are two standards for high rate telemetry 
applications, namely CCSDS 131.2-B-1 and DVB-S2X.  
CCSDS 131.2-B-1 [9] is published by the Consultative 
Committee for Space Data Systems (CCSDS). It 
recommends amplitude-phase shift-keying 
modulationup to 64APSK, and roll-off factor α=0.2, 
0.25, 0.30 or 0.35.  Its error correction code is Serial 
Concatenated Convolutional Code (SCCC). At present, 
CNES and JAXA try to extend this standard to 256 
APSK modulation (SCCC-X). 
The DVB-S2Xstandard is an extension version of the 
DVB-S2[10,11], which has been mainly applied to 
geostationary broadcasting and communication 
satellites.  It contains wide range of modulation 
schemes from QPSK to 256APSK and the minimum 
roll-off factor α = 0.05 in the Square-Root-Raise Cosine 
(SRRC) filter.  
Then, we select this standard for our high data-rate 
downlink system since it is suitable for communications 
having a high frequency efficiency. DVB-S2X standard 
has a length of 64,800 bits in a normal frame, and an 
error correction code named Low Density Parity check 
Code (LDPC) [12]. LDPC needs a large amount of 
calculation cost due to the numerical iteration. 
Additionally, the standard is easy for the equalizer 
design because the pilot signals are located in several 
points in a frame.  
2.3 Symbol rate and occupied frequency  
A frequency band of 8.025−8.4 GHz (375 MHz 
bandwidth) is allocated for a downlink of the earth 
observation data. There is a deep space downlink band 
at 8.4 − 8.45 GHz. International Telecommunication 
Union (ITU) recommends a criteria for a deep space 
band protection in ITU SA1157- 1 [13]. The protection 
criteria for a deep space earth-station receiver at an 
input terminal (Low Noise Amplifier (LNA)) is less 
than −221 dB (W/Hz) in 8.4 − 8.45 GHz. Our ground 
station antenna is located near Usuda Deep Space 
Center, JAXA, where there is a 64 m diameter antenna 
(72.5 dBi gain in the X-band) for deep space 
communications. Then, the ITU requirement is severe 
compared with a conventional frequency band 
allocation. It is estimated that the 64 m antenna receives 
the in-band signal level of −165 dB (W/Hz). Then, we 
have to attain an out-of-band signal level (8.4 − 8.45 
GHz) more than 56 dB ( −165 dB (W/Hz) − (−221 dB 
(W/Hz)) compared to the in-band level (8.025 − 8.34 
GHz). 
The transmitters radiate undesired signals in out-of-
band with a certain level. The level is mainly dependent 
on the third-order distortion in a HPA. We trimmed the 
bias conditions and the input power level so that the 
third-order distortion is as low as −30 dB. Additionally, 
we have to insert a Band-Pass Filter (BPF) which has 
an attenuation level of higher than 26 dB ( 56 − 30 dB) 
at 8.4 − 8.45 GHz. We determined the bandwidth of 
8.025 − 8.34 GHz with 315 MHz/(1+ α) = 300 Msps 
based on the group delay of the BPF for a deep space 
band protection.  
2.4 Link calculation 
 We calculated the link budget of our downlink system. 
Table 5 lists the communication data-rates and the 
required  𝐸s/𝑁0 for various modulation schemes. Table 
6 lists a result of link calculation for 64APSK.  
The document of DVB-S2X standard describes 
therequired 𝐸s/𝑁0 (𝐸s : signal energy per symbol, 𝑁0: 
noise energy) for 10
−5
 of Frame Error Rate (FER) with 
tmospheric attenuation is included. 
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 the Non-Linear Hard Limiter Channel at a Traveling 
Wave Tube Amplifier (TWTA) [14]. Here, the required 
𝐸s/𝑁0 is given as 19.5 dB and 24.3dB for 64APSK with 
4/5 of coding rate and 256APSK with 3/4, respectively. 
Under this assumption, the link with 64APSK (4/5) has 
6.1 dB margin at 20
◦
 of elevation shown in Table 6.  
In Section 3.4, we observe that crosstalk from cross-
polarization channel can be considered as a random 
noise, since two channels are not synchronized in our 
system. In Section 6 we will discuss on additive effect 
of the cross-polarization interference to the noise 
energy N0.  
 2.5 Dual polarization channels  
It is effective to utilize the dual circularly polarized 
wave to double the communication speed. However, the 
crosstalk between the two polarization channels 
degrades the communication quality. Then we have 
developed communication antennas with a crosstalk as 
low as possible because the crosstalk between RHCP 
and LHCP is not cancelled in the present demodulation 
system. The Cross Polarization Discrimination (XPD), 
which is defined as the power ratio of the main 
polarization signal to the cross one, is an index to 
evaluate the crosstalk effect.  It is reported that an 
atmospheric XPD on a fine day is 30 − 35 dB in the X-
band[15] for higher elevation that 45
◦
. The XPD is 
degraded by the effect of ice in cloud and rain. A rainy-
day XPD is modeled as [16] 
 
where f  and 𝜃 are frequency(GHz) and the angle ( ◦ ) of 
elevation, Ap (dB) and 𝜏 ( ◦ ) are rain attenuation and tilt 
angle, and 𝜎 ( ◦ ) is the effective standard deviation of 
the raindrop scattering angle distribution. There, 𝜏 is 
45◦ for circularly polarized wave, 𝜎 takes the value 0◦ , 
5
◦
 , 10
◦
 , and 15
◦
 for 1%, 0.1%, 0.01%, and 0.001% of 
the time percentage, respectively, and f takes the val ue 
of 8.2. We estimate 𝜎 with a percentage of time p(%) 
for various rainfall rate as shown in Table 7 [16,17]. A 
rain attenuation Ap is defined as [16,18] 
 𝐴p = 𝛾𝑅𝐷rain                                                 (3) 
where Φ( = 36.13◦ ), ℎANTENNA ( = 1.5 km), and 𝑅 are 
latitude, altitude of the antenna, and rainfall rate, 
respectively. Then, K and 𝛼 with a circularly polarized 
wave at 8.2 GHz are approximated as an average value 
of the horizontally and vertically polarized waves, and 
are calculated as 0.00425 and 1.3185, respectively [19]. 
An atmospheric XPD including the effects of ice in 
cloud and rain is given by [16] 
Table 7 Parameters in rainfall region K in [17] 
Modulation Coding Rate 
Data-Rate*
(Gbps)
Req.E s /N 0 **
(dB)
QPSK 13/45 0.16 -1.6
16APSK 26/45 0.479 9.17
64APSK 132/180 1.214 17.97
64APSK 4/5 1.325 19.54
256APSK 3/4 1.65 24.02
** Non-Linear Hard Limiter Model 
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where 𝑋𝑃𝐷A (dB) is an atmospheric XPD.  Fig. 2 
shows 𝑋𝑃𝐷A verses angle of elevation for various 
rainfall rate at 8.2 GHz. We have estimated the 𝑋𝑃𝐷A as 
28.4 dB and  27.7dB in 45◦ of elevation with 4.2 
(mm/h) rainfall rate and 0mm/h at 8.2 GHz, 
respectively.  
In addition to the degradation of XPD with atmospheric 
propagation, an XPD is degraded by the transmitting 
and receiving antennas. The total XPD of the 
communication system is expressed as [15] 
 
where 𝑋𝑃𝐷Tx and 𝑋𝑃𝐷Rx are XPD of the transmitting 
and receiving antennas, respectively. In this system, we 
need an XPD of the antennas least four times as high as 
the 𝑋𝑃𝐷A (XPD > 34 dB). Then we have developed the 
on-board and ground-station antennas with an XPD of 
the antennas higher than 37 dB. The XPD of the total 
communication system is calculated in (6) as 27 dB . 
3. X-BAND TRANSMITTER 
 3.1 Evaluation system of X-band transmitter 
 Fig. 3 shows an evaluation system of X-band 
transmitter (XTX) in a laboratory room. In a 
development stage of the XTX, we evaluated the XTX 
consisting of the Keysight evaluation system consisting 
of an oscilloscope, 89600VSA software, and System 
Vue. The output signals in the transmitter are sent to the 
BPF for the deep space protection. Afterwards, the X-
band signals are down-converted to Intermediate 
Frequency (IF) signals and digitized by the oscilloscope. 
The signals are decoded by Keysight System Vue 
DVB-S2X library [20]. An evaluation index of the XTX 
is Error Vector Magnitude (EVM) after an equalizer in 
System Vue [21].  
 3.2 Structure of XTX 
Fig. 4 shows a block diagram of the XTX. The XTX is 
composed of the two transmitters for RHCP and LHCP. 
Each channel is composed of the Digital Unit, the RF 
Unit, and the common Power & Control Unit. These 
units are assembled with high rigidity titanium rods and 
washers 
 The Digital Unit has a FPGA with a Ball Grid Array 
(BGA) instrumentation. The In-phase and Quadrature-
phase (IQ) signals produced in the FPGA are processed 
with a SRRC filter. The digital IQ signals are sent to an 
external DAC with JESD204B, which is a several Gbps 
class high speed communication protocol [22]. Then, 
the IF modulated signals of 1.2 GHz are generated at 
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the DAC. The analogue IQ signals are sent to the RF 
Unit. A Phase Locked Loop (PLL) generates a local 
frequency of 7 GHz with a crystal oscillator. The IF 
modulated signals are up-converted to the X-band by 
the 7 GHz. Afterwards, the X-band signals are 
amplified by driver amplifiers and a GaN High Electron 
Mobility Transistor (HEMT) two-stage HPA. The 
amplified signals become 29.5 dBm of its RF power.  
Then, the signals are sent to the BPF for the deep space 
band protection. The semiconductor devices have 10 
krad radiation resistance, corresponding to 5 years in 
space. 
3.3 Third-order distortion at HPA in XTX 
EVM (Error Vevtor Magnitude) is one of performance 
indices of transmitters. It quantitatively represents 
difference between observed and ideal signals in a 
plane of In-phase and Quadrature-phase components. A 
large difference leads to degradation of communication 
quality, resulting in a higher bit error [23]. 
The bias conditions and the output power level in a 
HPA are important to obtain a high quality signal. We 
evaluate the third-order distortion based on an AM-AM 
characteristics in a HPA [24]. Fig. 5 shows (a) an AM-
AM / AM-PM characteristics, (b) a spectrum at a HPA 
(before the BPF), and (c) a constellation of 64APSK 
(4/5) at the XTX output [7,8]. We trimmed the input 
power and the bias conditions with the average output 
power fixed at 29.5 dBm. Then, the AM-AM curve 
becomes almost linear and the AM-PM curve keeps 
monotonic increase up to around the average power as 
shown in Fig. 5(a). Fig. 5(b) indicates that the third-
order distortion is suppressed as low as −30 dB 
compared with the in-band level. A constellation of 
64APSK (4/5) is shown in Fig. 5(c). The measured 
EVM of R-channel is −28.5 dB while that of L-channel 
is −29.8 dB. 
3.4 Degradation of signal quality due to crosstalk 
It is effective to transmit two independent information 
by multiplexing RHCP and LHCP. However, we need 
the high XPD transmitting and receiving antennas 
because the crosstalk between the two polarization 
channels degrades the communication quality.  
We evaluated the degradation effect of the 1.2 GHz IF 
signal at the Digital Unit output due to crosstalk. We 
output the dual channel signals recorded in a data 
storage device. Then we combined the main channel 
signal with the crosstalk attenuated to a certain level to 
produce a signal including a crosstalk. After we 
digitalized the signal by an oscilloscope, we added 
thermal noise to the signal with System Vue software. 
Then we analyzed the signal including the crosstalk and 
the various amount of thermal noise for 5,128,288 bits 
(= 100 frames) by using System Vue until bit error 
occurs.  Figs. 6(a) shows the measured EVM for the IF 
signal at the Digital Unit output versus the thermal 
noise for various XPD. The Bit Error Rate (BER) is less 
than 10
−6
 when EVM ≦ −16.1 dB.  Fig. 6(a) indicates 
that, for example, when 𝐸s/𝑁0 is 25 dB with an XPD of 
25 dB, the EVM is larger by 2 dB than that with XPD = 
∞. The floor shown in Fig. 6(a) is attributed to the 
phase noise of Temperature-compensated crystal 
Oscillator (TCXO) and the reflection at the Digital Unit 
output connector after the DAC. Fig. 6(b) represents 
that the EVMs as function of 𝐸s/(𝑁0+𝐼XPD), where 
IXPD is a crosstalk interference, are almost on one line 
with about less than 0.5 dB deviation at 20, 25, 28, 30, 
∞ dB of XPD. Fig. 6(b) also means that the crosstalk 
can be dealt with approximately as additional random 
noise. 
Fig.5 (a) AM-AM, AM-PM characteristics in HPA.  
(b) Spectrum of HPA output at 29.5dBm output.        
(c) HPA output Costellation of 64APSK (4/5) . 
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4. Dual circularly Polarized-Wave Antenna  
We utilize the two channels of RHCP and LHCP in 
order to double the communication speed. We have 
developed a dual circularly polarized-wave antenna 
composed of a corrugated horn antenna and a septum-
type polarizer. The antenna has an aperture diameter of 
140 mm and a length of 104 mm. It is well known that a 
circular corrugated horn structure is suitable for a wide 
band high XPD medium gain antenna [27]. The XPD of 
the on-board system is thus mainly determined by the 
polarizer which produces right and/or left circularly 
polarized wave [28]. 
Using an ANSYS/HFSS electromagnetic simulator, we 
designed and fabricated a septum-type polarizer and a 
Fig. 8 shows the measured and design XPD values 
versus of XPD versus frequency [27]. We measured the 
axial ratio of the on-board antenna to evaluate its XPD. 
Then we fixed the on-board antenna, while we rotated 
the aperture of a transmitting pyramidal horn antenna 
around the boresight axis by 360
◦
 with 1
◦
 step. 
Afterwards, we obtained the axial ratio with the 
difference between maximum and minimum received 
power. The value of the axial ratio is converted to the 
value of XPD. Fig. 8 indicates 37 − 43 dB of XPD in 
8.025 − 8.34 GHz. 
5. Ground Station  
5.1 High XPD and G/T ground station antenna  
Our downlink system requires a high XPD performance 
for the low-crosstalk polarization multiplexing. Most 
conventional ground station antennas have 20 − 25 dB 
of XPD, which is not enough for our new downlink 
system as discussed in Section 2. We have modified an 
existing 10 m antenna in Usuda Space Center, JAXA. 
The antenna was constructed in the 1980s for Ku-band 
of space VLBI satellite “HARUKA”. We have 
modified  its primary radiator and RF front end for X 
band. 
Candidates of the primary radiator are a corrugated 
horn antenna and a dual-mode horn antenna. However, 
a fabrication of a large corrugated horn antenna is very 
difficult. Then, we selected a dual-mode horn antenna. 
The ground station antenna has a designed gain 56.6 
Fig.6 (a) EVM versus 𝐸s/𝑁0 and (b) EVM versus 
𝐸s/(𝑁0 + 𝐼XPD) for various XPD when we add thermal 
noise to the IF signal including the crosstalk in System 
Vue. IXPD is crosstalk interference power. 
Fig.7 Pictures of (a) the dual circularly polarized-wave 
antenna  and (b) the septum-type polarizer.  
Fig.8 XPD versus frequency with the dual circularly 
polarized-wave antenna. Solid line is measured value 
and dotted line is simulation value. 
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dBi and an aperture efficiency of 67 % at the input port 
of the primary feeder in the X-band.  
The primary feeder horn antenna in the Cassegrain 
antenna is connected to the polarizer through a 1.5 m 
circular waveguide. The septum-type polarizer and the 
coaxial LNAs are cooled down to 18 K physical 
temperature in a cryogenic chamber. When the angle of 
elevation is 90
◦
 on a fine winter’s day, a system noise 
temperature in the ground station antenna is measured 
to be 52 − 58 K in the 8.0 − 8.4 GHz by using the Y-
factor method, assuming 15K of sky temperature. Thus, 
gain to system noise temperature ratio (G/T) is 39 dB/K.  
The designed value of XPD due to a surface accuracy 
of the main dish is about 52 dB. A measured value of 
the XPD at the primary radiator is 45 dB. The septum-
type polarizer in the ground station is identically 
designed as one for the on-board antenna. The XPD of 
polarizer was measured to be higher than 37 dB at 18 K 
physical temperature. Thus, the total XPD of the ground 
station antenna is estimated as higher than 37 dB. 
5.2 Software demodulator  
Our purpose of this experiment is to demonstrate the 
high downlink speed. No DVB-S2X standard hardware 
demodulator with 300 Msps may be available in market 
at present. Then we have developed non-real-time 
software demodulator combined with a data storage 
system. The received dual channel signals  are down-
converted to 1.4 GHz at the antenna site, and are AD-
converted into digital baseband signals to be stored by a 
data recorder.  
Fig. 9 shows a format of 64APSK DVB-S2X frame 
with the pilot signals. Fig. 10 shows the sequence of the 
demodulation process. There are 5% no-signal periods 
between frames. The demodulator finds a header of the 
frame based on the average power level of the received 
signal. The   received   signal  is  synchronized   with   a  
 
 
 
 
 
 
 
Physical Layer header (PL header). Afterwards, the 
amplitude of the synchronized signal is adjusted by an 
Automatic Gain-Controller (AGC). At the obtainment 
matched filter by using the 26 symbols of a Start Of 
Frame (SOF) preamble in the process of PL header, the 
signal is equalized as follows. The channel impulse 
response is expressed as a product of an inverse 
Toeplitz matrix of the 90 symbol preamble in the PL 
header and the received signal. The optimal weights 
based on the least squares estimation are derived as the 
inverse Toeplitz matrix of the channel impulse response. 
Afterwards, we obtain the PL header from the product 
of Toeplitz received signal matrix and the weights [29]. 
We compensate the Carrier Frequency Offset (CFO)  
 
 
 
 
 
 
 
After cancelling CFO, we equalize the PL header again. 
Fig. 9 A format of DVB-S2X frame with the pilot signals. The 64APSK data in the frame has 10800 symbols. 
After 1440 symbols of data, the 36 symbols of the pilot signals are inserted. The combinations of them are 
allocated 7 times in the frame. The last group of data has 900 symbols (= 8100 - 1440×5) In addition, this 
figure explains the equalization process. 
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caused by the Doppler effect by using an averaged 64 s 
phase rotation in an open-loop manner. We use known-
ymbols  at  the  MODCOD  field  in  the PL header.   
The weights derived by the least squares estimation are 
updated per 36 symbols of the IQ data with the LMS 
algorithm [30]. However, under a low Es/N0 
communication environment, inappropriate weights 
cause the phase rotation of the IQ data due to the 
insufficient Doppler compensation. To compensate the 
phase rotation, we set least-squares estimation weights 
with the 36 symbols of the pilot signals. In addition, 
when the LDPC does not converge in iteration of fifty 
times, we execute a Bose-Chaudhuri-Hocquenghem 
(BCH) code in DVB-S2X standard. 
When we evaluate our 300-Msps demodulator, we use 
System Vue as a reference demodulator. Fig. 11 shows 
a comparison with the performance of System Vue and 
the demodulator. Then we evaluate the performance of 
the demodulator decoding the signal by gradually 
increasing the level of additive thermal noise, without 
the crosstalk and the Doppler effects, for 5,128,288 bits 
(= 100 frames) in a laboratory room until bit error 
occurs. Fig. 11 shows that the demodulator can decode 
the signal down to 17.0 dB of Es/N0 without bit error 
while System Vue can decode one by 16.8 dB of Es/N0 
at the top-left points. In short, the demodulation 
threshold in Es/N0 with the demodulator is 0.2 dB 
inferior to that of System Vue. In larger the Es/N0 
region, our demodulator shows EVM ≈ −Es/N0 
approximately. The 1 dB degradation in System Vue is 
originating from the lack of compensation for the 
insufficient PLL center-frequency locking. 
6. Downlink Results  
In this section, we describe the downlink results. Our 
communication system has been demonstrated in orbit 
on board of RAPIS-1, JAXA. The RAPIS-1 was 
launched into 510 km altitude orbit from Uchinoura on 
January 19th, 2019 
We have tested the downlink with various modulation 
scheme including QPSK, 64APSK, and 256APSK. 
Table 8 shows the downlink experiment conditions, 
namely, Acquisition-Of-Signal (AOS) time, state of 
weather, modulation scheme, SINR, elevation and XPD. 
The XTX outputs the R-channel signal 0.15 seconds 
later than the L-channel one. Then we obtain the total 
XPD value based on temporal change of L-channel 
received power before and after the R-channel outputs.  
￥We optimized the matrix of the channel impulse 
response by using the downlink signal at 45
◦
 of 
elevation, 64APSK (4/5), and 29.3 dB of total XPD. We 
also trim a step-size parameter of the equalizer and the 
CFO estimation for various Es/(N0 + IXPD). The 
thresholds of Es/(N0 + IXPD) for 5,128,288 bits (= 100 
Fig. 11 A comparison of our demodulator with the 
System Vue (reference demodulator). We analyze 
signal quality with 64APSK (4/5). We add thermal 
noise to the signal without the crosstalk and the 
Doppler effects for BER ≦ 10−6 in a laboratory room 
experiment. 
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frames) without bit error are 18.8 dB and 18.6 dB with 
R- and L-channel signals at 13◦ of elevation, 
respectively. The average Es/(N0 + IXPD) of 18.7 dB 
indicates that the Es/(N0 + IXPD) is 1.7 dB inferior to 
the threshold of signal in the laboratory room 
experiment as shown in Fig. 11. We consider that the 
1.0 dB difference is associated with the insufficient 
compensation of the Doppler effects.    
It seems that DVB-S2X standard is not provided with 
enough capability to track the carrier frequency which 
is subject to rapid change due to LEO motion.  The 
numbers of Start Of Frame (SFO) symbols and pilot 
symbols for  tracking and equalization  of DVB-S2X 
[10,11] are fewer than CCSDS 131.2-B-1 [9].  It may 
be because DVB-S2X was mainly proposed for data 
transmission from geosynchronous satellites, which do 
not have Doppler frequency shift.  
Fig. 12 shows (a) Es/N0 versus angle. of elevation and 
(b) XPD, Es/N0, and channel Signal to Interference plus 
Noise power Ratio (SINR) (Es/(N0 + IXPD)) versus 
angle of elevation, respectively, for 64APSK(4/5) 
modulation of June 23, 2019. The satellite 3σ attitude 
error is about 1.2
◦
 , resulting in a 0.03 dB pointing loss 
for the 17 dBi gain antenna. At the ground station, we 
Fig.13  Constellation of demodulated downlink signal 
from RAPIS-1 satellite. (a) 64APSK (4/5)  and            
(b) 256APSK (3/4). Left is LHCP channel and Right is 
RHCP channel.  
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determine the satellite orbit parameter and the target 
angle for 10 m antenna pointing by using Two Line 
Element (TLE) provided by NORAD. The error is less  
than 0.1
◦
 (3.5 dB pointing loss). The 3 dB discrepancy 
between the calculation and the experiment in Fig. 
12(a) is attributed to this pointing loss 
We evaluate the XPD with various angle of elevation 
based on the difference between Es/N0 and Es/(N0 
+IXPD) for 64APSK(4/5) modulation of June 23, 2019.   
The measured total XPD higher is higher than  27dB 
( see Table 2) when the angle of elevation ≥ 15◦ as 
shown in  Fig. 12(b).  The measured total XPD 
increases as 24dB at 10
◦
 elevation, 27dB at 15
◦
 
elevation due to reduction of atmospheric XPDA as 
shown in Fig.2.  Then it saturates to be about 30dB at 
45
◦
  elevation due to antenna XPDs. This behavior 
agrees qualitatively with the prediction of Fig.2 and 
Eq.(6).   
Fig. 13 (a) presents 64APSK (4/5) constellation of 
downlinked RHCP channel and LHCP channel signals 
of June 23, 2019, respectively. The downlinked signal 
quality of RHCP channel is inferior to LHCP channel 
one because the nonlinear distortion in R-channel at a 
HPA is 1.3 dB larger than that in LHCP channel. 
We evaluate noise tolerance with 64APSK (4/5) from 
52.8
◦
 to 11.8
◦
of elevation. Table 9 shows the stability of 
the communication after zenith showing various SINR. 
When SINR ≧ 22 dB, BCH code correction is not used 
since the LDPC iteration does not reach the maximum 
number ( = 50). In the cases of  SINR ≧ 22 dB the 
demodulated binary data has no errors compared with 
binary data obtained from the XTX internal memory in 
the laboratory room experiment.Contrarily, when SINR 
≦  21 dB, BCH code correction is used for 
compensation of Doppler effect, thermal noise and 
interference noise. 
We also tested 256APSK (3/4) modulation downlink on 
Dec. 24,25, 2019, Jan. 20,21, Feb.18,19,2020.  We need 
a more careful parameter optimization of demodulator 
software than 64APSK case.  Fig.13 (b) is 256APSK 
(3/4) constellation of downlinked RHCP channel and 
LHCP channel on Dec.25, 2019, where elevation is 60
◦
, 
and SINR=29.5dB, XPD=33.8dB are measured. Since 
Table 6 shows the required Es/N0 is 24.0dB, there is still 
5.5dB margin.  We confirm that the demodulated binary 
data has no errors compared with binary data obtained 
from the XTX internal memory in the laboratory room 
experiment. 
Consequently, we have achieved 2.65 Gbps and 
3.3Gbps in our satellite communication system with 
300 Msps and polarization multiplexing of 64APSK 
(4/5) and 256APSK (3/4) for RHCP and LHCP in the 
X-band, respectively. The frequency utilization 
efficiency is 8.4 bit/s/Hz (2.65 Gbps/315 MHz ) for 
64APSK and 10.8bit/s/Hz for 256 APSK, respectively. 
7. Conclusions  
This paper reports our new communication system and 
downlink demonstrations of 2.65 Gbps data rate with 64 
APSK modulation and 3.3Gbps data rate with 256 
APSK modulation by utilizing two circular polarization 
channels of X band. As far as authors know, these 
direct downlink communication speeds and frequency 
utilization efficiencies are the highest ones at present in 
LEO satellites. We will apply these technologies to 
constellation mission of small satellites by making 
onboard system compact and development of real time 
demodulation system.  Also they are easily applicable 
to future Ka band downlink. 
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